stability. Compression is of further importance considering that union of scaphoid fractures relies on primary bone healing, as callus is not tolerated due to the near circumferential articular surface of the scaphoid. 8 The importance of this is illustrated in the numerous studies that have been performed to determine the ideal scaphoid screw type based on compression profiles.
7,9-18
In light of the importance of compressive fixation and unknown ideal screw orientation, we aimed to evaluate compression in scaphoid waist fractures with screw fixation in both PERP and pole-to-pole (PTP) (central axis) configurations. We hypothesized that PERP screw orientation in scaphoid waist fracture fixation produces greater compression than PTP orientation.
Materials and Methods
The study was approved by our institution's Institutional Review Board. Ten preoperative computed tomography (CT) scans of scaphoid waist fractures were identified and classified by fracture type and orientation in both the coronal and sagittal planes.
Scaphoid Modeling
Proximal and distal poles were indicated using the in-line scaphoid CT reconstruction. Three-dimensional models of each scaphoid were created and Mimics (Materialise, Leuven, Belgium) software was used to segment out the scaphoid, calculate the fracture plane, and position the screw models. Simulated Acutrak 2 Mini (Acumed, Hillsboro, OR) 3.5 mm screws were placed into the scaphoid models in both PERP and PTP orientations. Geomagic software (3D Systems, Rock Hill, SC) was used to output data from Mimics. PTC Creo (PTC, Needham, MA) software was used to model the screws and to calculate the engagement length and screw angle (►Fig. 1).
Compression Calculation
The compressive force of the screw is dependent on the shear strength of bone and the thread shear area of the screw. 19 The shear strength of bone can be calculated given its relationship to bone density. 19 Hounsfield units (HU) were converted to density (g/cm 3 ) using the Crookshank et al conversion (ρ ¼ HU/1.333-22.806). 20 An average value of 400 HU was used for each sample based on the average value of bone density found in the area around the screw in our cohort. Shear strength (MPa) of bone was then calculated using the following formula
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:
Shear strength ¼ 21.6 Â ρ1.65
The thread shear area is the total area of bone that the screw threads engage. It is dependent on the outer diameter (mm) of the screw and the engagement length (mm) of the screw. To determine the engagement of the length of the screw, the PTP distance and the maximum distance PERP to the fracture plane from proximal to distal were both measured. These distances were used to maximize the length of the screw in each orientation. Screws were placed so that no part of the screw extruded through the cortex and the engagement length was measured. Assumptions of 100% thread engagement along the length of the screw and half of the diameter of the screw engaging bone were made to calculate the thread shear area (mm 2 ) using the following formula:
The screw angle relative to the fracture, θ (degrees), was then measured between the fracture plane and the long axis of the screw. The compressive force (N) is the normal force PERP to the fracture plane. By measuring θ, the angle between the compressive force and the hypotenuse (tensile force), α, can be found by subtracting θ from 90 degrees (►Fig. 2). The angle measurements were converted to radians. Uniform bone density was assumed throughout the engagement length of the screw. A trigonometric relationship was used to calculate the normal force as a function of average bone strength and screw shear area by multiplying by the cosine of the angle between the normal force and hypotenuse using the below formula:
Compressive force ¼ shear strength Â screw shear area Â Cos (α)
Statistical Analysis
Wilcoxon signed-rank tests and Pearson correlations were used to compare compressive forces. Ratios of compressive forces in PERP and PTP groups were compared for descriptive statistics. The level of statistical significance was defined with an α level of p < 0.05.
Results
The angle between screw and fracture in the PTP group ranged from 36 to 84 degrees (mean, 58 AE 16 degrees). By definition, the PERP screw angle was 90 degrees. Fracture orientation included five transverse, two horizontal oblique, two coronal, and one vertical oblique fracture. Screw engagement length was significantly greater in the PTP group (mean, 24 AE 4 mm; range, 18-30 mm) than in the PERP group (mean, 20 AE 3 mm; range, 16-26 mm; p < 0.05) (►Table 1).
There was a significant positive correlation between perpendicularity of the PTP screw to the fracture and its compression strength (r ¼ 0.69, p < 0.05) (►Fig. 3). PERP screws had significantly more compression than PTP screws when the PTP screw to fracture angle was < 80 degrees (106 vs. 80 N, p < 0.05). When the PTP screw to fracture angle was > 80 degrees, the PTP screw approximated the PERP screw, and there was no difference in compression between PTP (169 N) and PERP (170 N) screw placements (p > 0.05) (►Fig. 4).
Numbers of fracture type were not large enough to perform subgroup analyses, but there was a trend toward the most improvement in compression with PERP fixation in coronal fracture types compared with differences in compression with PERP fixation in other fracture types (►Table 2).
Discussion
Nonunion is a frequent concern when treating scaphoid fractures (5-25%).
22 Anatomic reduction and stabilization by scaphoid compression screw fixation can improve chances of union. Our study finds that increasing screw perpendicularity in scaphoid waist fractures results in higher compressive forces across the fracture site, thus improving fixation. The increased compression gained from PERP screw placement offsets the decreased engagement length. The only time the PTP screw equals the compression of a PERP screw is when it is actually PERP to the fracture. Our study confirms prior work by Luria et al in 2010.
4
Using a computer modeled finite element analysis, they Abbreviations: PERP, perpendicular; PTP, pole-to-pole. showed, via mesh algorithms, improved stability (by measuring movement at the modeled fracture site) with PERP fixation in oblique, transverse waist, and proximal fracture patterns. They were unable to reproduce this in their cadaver study in 2012, which showed no difference in stiffness and load to failure between central and PERP screws in oblique scaphoid fractures. 5 Faucher et al in 2014 also performed a cadaveric analysis of fixation strength in oblique scaphoid fractures and found equivalent strength in cyclic loading and load to failure between PTP and PERP screws. 6 We agree, however, with rationale that computer-based models allow for a more precise comparison. 5 Advantages of a computer model include the ability to control for variability in screw placement and to precisely analyze screw angles. The equation we utilized for compression determination allows calculation of the amount of bone in the screw threads and determines the shear strength of the bone, variables which have been defined as primary variables in compression.
21
Computer models also eliminate the variability in specimens and variability in the mechanical testing environment. We chose to analyze scaphoid waist fractures in this study. Scaphoid waist fractures are the most common type of scaphoid fracture and exhibit a variety of fracture configurations (transverse, horizontal oblique, vertical oblique, and coronal). [23] [24] [25] [26] An advantage of our study compared with prior studies is that our cohort includes many different scaphoid morphologies with real and varied fracture patterns, which imparts generalizability of our results. Our correlation results are independent of fracture orientation. In addition, scaphoid waist fracture fixation requires rigid stability to counteract the bending, rotational, and translational forces present in this region as shown in biomechanical studies. 9,27-29 Therefore, knowledge of the best fixation strategies in this group is most important. Others have studied "peripheral," screw placement. Our study has limitations inherent to computer-modeled studies. It is a simulated evaluation and not based on clinical outcomes or in vivo biomechanical factors. In addition, our analysis relies on fracture planes rather than irregular fracture pattern. We were also limited on fracture patterns based on our cohort. The Acutrak 2 Mini screw is also a tapered variable pitch screw and the formula used assumes that the bone in the threads fail all at once, which would not happen in vivo. This would not affect the results of our study, however, as we compare such as variables to reach our conclusion and despite this, the compressive forces calculated in this study are comparable to those found in other cadaveric studies.
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Another limitation of the study is that we assumed constant density of the scaphoid for all specimens. It is possible that with the screws in varying orientations, the average density along the length of engagement may differ. Despite these limitations, this novel computer-modeled study provides valuable information regarding the orientation of screws in scaphoid fractures and can provide a foundation for future studies. • indicates pole-to-pole screw; Â indicates perpendicular screw. For the same fracture, the perpendicular screw marked with a Â had superior compression. Based on the results of our study in scaphoid waist fractures, we recommend placing screws PERP to the fracture plane to achieve greatest compression. In transverse waist fractures, PTP screws are likely to also be perpendicular screws. In oblique waist fractures, screw perpendicularity increases compression across the fracture site despite a shorter screw.
Note
Institutional Ethical Board Review approval was obtained from Hospital for Special Surgery's IRB. Work was performed at the Hospital for Special Surgery, New York.
